We have investigated volume-activated taurine transport and ultrastructural swelling response of sea bass gill cells in culture, assuming that euryhaline fish may have developed particularly efficient mechanisms of salinity adaptation. In vivo, when sea basses were progressively transferred from seawater to freshwater, we noticed a decrease in blood osmotic pressure.
INTRODUCTION

Whereas most mammalian epithelial cells do not normally undergo changes in apical and
basolateral osmolality of the magnitude tested in most cell volume changes in vitro studies described in the literature, cells of euryhaline fish actually are commonly affected by large osmotic stresses. This may occur in the wild or in fish farming. Hypotonic shock is physiologically relevant to the European sea bass Dicentrarchus labrax, since, although it is a marine teleost, it naturally encounters fluctuations of environmental salinity. D. labrax are euryhaline organisms at all developmental stages, reproducing in estuarine water and can grow and thrive in freshwater (FW) (9, 10, 45, 46) . Most vertebrate cells react to hypoosmotic challenge by cell swelling followed by an active decrease in cell volume, the latter process being known as regulatory volume decrease (RVD). This RVD response occurs via efflux of K + , Cl -and organic osmolytes accompanied by osmotically obligate water loss (20, 28) . The cytosol of all organisms contains high concentrations of small, organic and osmotically active solutes such as polyols (e.g. sorbitol or myo-inositol), amino acids (e.g. taurine) and methyl amines (e.g. betaine). In most phyla investigated, from bacteria to humans, it has been observed that such solutes are lost in response to cell swelling, demonstrating their key role in cell volume homeostasis. The results accumulated in the last few years are consistent with the hypothesis that the volume-activated transport of organic osmolytes, especially taurine, may occur via a single pathway that resembles channel which is blocked by a range of anion transport inhibitors and is therefore termed VSOAC (volumesensitive organic osmolyte and anion channel) (23, 25, 48, 57) . However, the nature of the volume-activated taurine transport pathway is still controversial (55) . The purpose of the present investigation was to determine 1) whether gill cells of a marine teleost species possess a transporter with VSOAC-like properties, and 2) whether the branchial epithelium, naturally subjected to large osmotic changes, has developed particularly efficient cellular mechanisms to maintain ionic homeostasis.
It is reasonable to think that the teleostean branchial epithelium, in direct contact with the external medium, could be very sensitive to environmental osmolarity and that the RVD response be more significant than in mammals. The gill respiratory (pavement) cells represent more than 80 % of the teleost branchial epithelium (21, 30) . They exhibit, on their surface, a complex system of microridges, reflecting expansion of outer membrane responsible for respiratory gaseous exchanges, which increases the surface area of teleosts gills by 2.5 times (42) . We have shown previously that respiratory cells in vivo were also involved in salinity adaptation (4) , in addition to the well-described gill mitochondria-rich cells (known as chloride cells). Moreover, we found that gill pavement cells in culture were important for ionic transport and more specifically Cl -transport (3). We also described the relative impermeability of the apical membrane of sea bass gill epithelium during hypotonic shock as a possible adaptation of this tissue to limit its overwhelming by water (13) . Hence, gill cells (and more specifically pavement cells) proved to be involved in osmotic regulation can represent a very good model for investigating RVD mechanism and molecular adaptations to salinity changes. In fishes and cyclostomes, observations related to amino acid-regulated cell volume homeostasis have been made mostly in erythrocytes (flounder, skate, eel, trout, hagfish and lamprey), liver cells (skate, trout) and renal tubules (trout, goldfish, flounder) (44) . To date, one group has followed hypo-osmotic shock in trout gill epithelium with observations on changes in cell volume and intracellular calcium signaling (32) . We chose to focus on sea bass gill cells in culture which can form a highly polarized epithelium and has formerly proven to be a good model for ion transport in high-resistance epithelia (3, 5) .
We show, in cultured gill cells, that the transport of [ 
MATERIALS AND METHODS
Fish
Solutions and reagents
Primary cultures: The culture medium consisted of Leibovitz L15 supplemented with 10% fetal bovine serum (FBS), 20 mM NaCl, penicillin (100 IU ml -1 ), streptomycin (100 µg ml -1 = 70µM) and gentamycin (200 µg ml -1 110. Thus, the only difference between the two media was the NaCl concentration. For both solutions, the pH was adjusted to 7.8 with NaOH.
Physiological studies following fish transfer from seawater to freshwater.
Twenty one approximately 100 g SW acclimated sea bass were put in 200 liter SW tanks at 18°C under natural photoperiod for three weeks. They were progressively challenged with FW by gradually decreasing the external osmotic pressure. This was accomplished by slowly introducing FW to the tanks and releasing SW regularly during 5 hours. Changes in external salinity were frequently monitored with a refractometer (Atago, Japan). To follow the corresponding modifications in sea bass internal osmotic pressure, the fish were collected at 0 h (controls), 0. 
Taurine transport measurements
Gill cells were loaded with (Table 1) .
Voltage-clamp commands and data acquisition were controlled by a computer equipped with a DigiData 1200 interface driven by pCLAMP 6.0 software (Axon instruments, Foster
City, CA, USA) which was also used to generate and analyse current-voltage (I-V)
relationships. For chloride current measurement, cells were maintained at a holding potential (V hold ) of -40 mV and 400 ms pulses from -80 to +80 mV (or from -100 mV to +60 mV for DIDS experiments) were applied in 20-mV increments every 2 s. Membrane currents were filtered at 1.0 kHz and sampled at 2.5 kHz.
Morphology
Electron microscopy was performed in cells grown on permeable filters to get a polarized differentiated epithelium (3). Both apical and basolateral sides were rinsed with serum-free medium and challenged as necessary with hypotonic medium at various time intervals (from 15 sec to 30 min). Electron Microscope operating at 100 kV (Philips, Eindhoven, Netherlands).
Filters were treated similarly for scanning electron microscopy (SEM) save osmium post-fixation. After rinsing with distilled water, cells were dehydrated in a graded series of ethanol and dried using hexamethyldisilazane. After drying, cells were mounted on aluminium stubs with adhesive tabs, sputter coated with AuPd for 4 minutes (Polaron, UK) and examined in a JEOL 6700F microscope (Japan).
Data analysis
Results are mean ± standard error of the mean (SE). The number of observations, n, refers to the number of cultures. Whenever possible, test experiments were assigned their own controls. Test versus control comparisons were performed with Student's paired or unpaired ttest as appropriate. Differences between various treatments exceeding two groups were evaluated with analysis of variance followed by the Bonferroni post hoc test.
RESULTS
Physiological hypotonic shock of the fish
In order to ensure the physiological relevance of our in vitro hypoosmotic shocks, we submitted a group of sea bass to a stepwise decrease in external salinity from SW to FW over 5 hours (Fig.1A ). During this hypoosmotic challenge, the plasma osmotic pressure showed a significant 6% decrease followed by an 11% decrease after 2.75 and 4.75 hours, respectively (Fig.1B) . The lowered osmoregulation capacity (however transient) of challenged fish in these experimental conditions was revealed by the positive correlation observed between changes in external and internal osmotic pressure (Fig. 1C ).
Hypotonic release of taurine from cultured gill cells and its pharmacology
We investigated whether or not taurine behaves as an organic osmolyte in gill respiratory cells. Taurine transport was studied under isoosmotic conditions (control) and after application of a 30 % hypoosmotic shock in primary cultures of gill cells grown in Petri dishes ( Fig.2A ). We observed a significant stimulation (5 fold) of basal transport, which became maximal 10 min after the osmotic challenge. The effect was sustained for the entire duration of hypoosmotic challenge. Activated transport was reversible upon return to isotonic conditions. A second shock application showed that this effect was fully reproducible.
To characterize the taurine transport pathway, we investigated the effects of various anion channel and transporter inhibitors (Fig.2B) . After a 15-min control period in isoosmotic medium, the inhibitor was introduced into the isotonic medium for an additional 15 minutes to test its own effect on basal taurine transport. At the end of this period, a hypoosmotic shock was applied in the presence of the inhibitor. The values given in Fig. 2B correspond to the flux levels reached 10 min after the osmotic challenge in the presence or absence of inhibitors. Most of the drugs investigated had significant inhibitory effects. The sensitivity to anion-selective channel blockers was NPPB>niflumic acid>DIDS=DPC.
Tamoxifen (20 µM) and DPC at low concentration (300 µM) had no effect.
Permeability of apical and basolateral membranes to taurine
To dissociate apical from basolateral components of taurine transport, gill respiratory cells were grown on permeable filters. The transepithelial potential, Vt, was 18 ± 1 mV and the resistance, Rt, was 3035 ± 106 Ω  x cm 2 (n=13). These specifications are characteristic of a functional tight epithelium (3). Apical and basolateral taurine transports were measured as a function of time, under isoosmotic followed by hypoosmotic conditions with both sides containing the same medium (Fig. 3A) . The hypoosmotic shock produced a large increase (25-fold) in taurine permeability at the basolateral side but only a moderate increase at the apical side (5-fold). Therefore, after hypoosmotic shock, large differences could be observed between both membranes, so that permeability of the basolateral membrane was 5 times greater than that of the apical membrane. It should be noted that the rate reached by the apical taurine exit corresponded to the hypotonically stimulated taurine transport in cells grown in Petri dishes ( Fig.2A) . To investigate the taurine transport pathway involved in these events, 1
mM DIDS was applied to the system. A significant reduction in both apical and basolateral transports was observed (Fig. 3B) .
In natural conditions, fish gill epithelium forms a physical barrier between the two compartments, external water and blood, which contain very different osmotic pressures and can vary according to environmental conditions. Therefore, we investigated the effect of asymmetrical osmotic shock by exposing only the apical or the basolateral membrane to hypotonic stress. Surprisingly, application of hypotonic shock to the apical compartment elicited an increase in apical taurine movement only (Fig. 4A) . Likewise, applying the shock to the basolateral compartment induced a large increase in basolateral taurine transport only (Fig. 4B ). The apical response was 5 times greater than that of control whereas the basolateral osmotic shock resulted in a 35-fold increase in taurine transport. As with symmetrical challenge (Fig.3A) , the basolateral response was 5 to 7 times higher than the apical response.
In both experimental conditions (Figs. 3A and 4), the levels of basolateral and apical membrane stimulation were very different with the apical response being much less substantial than the basolateral one.
Calcium regulation of taurine transport
To investigate the regulation of taurine transport, we first sought to increase intracellular calcium [Ca ++ ] i directly, to see whether this would trigger taurine exit (27) . This was accomplished with the addition of ionomycin, a Ca ++ ionophore (t=15 min), which indeed induced a substantial transitory outward movement of labelled taurine in isotonic medium ( 5B ). Application of a hypoosmotic shock in a calcium-deprived medium resulted in an 83% significant inhibition of the stimulated-taurine isotopic flux, confirming a major role of extracellular calcium in taurine transport. To test further that the hypotonically activatedtaurine transport was not due to a release of Ca ++ from internal stores, cells were preincubated with 0.55 µM thapsigargin for 1 hour prior to exposure to a hypotonic solution.
Thapsigargin depletes intracellular Ca ++ stores and induces a rapid and pronounced increase in the concentration of cytosolic free Ca ++ (58) . In the presence of this agent, we did not observe any change in shock-induced taurine transport, ruling out the release of calcium from intracellular stores as a signal. Moreover, when the intracellular calcium chelator BAPTA-AM was added to fish gill cell culture for 1 hour prior to exposure to hypotonicity, a 46 % significant reduction of the shock-activated taurine transport was observed and can be explained by chelation of calcium ions entering the cells from outside.
The mechanism of calcium entry during hypoosmotic shock was further examined.
Addition of lanthanum chloride, which blocks Ca 2+ channels non-specifically, produced a complete inhibition of the hypotonically activated taurine transport (Fig. 6A) . To determine which type of Ca ++ channel was involved, treatment of cultures with the L-type-specific blockers nifedipin (20 µM) or verapamil (20 µM) was undertaken. In the same conditions of osmotic challenge, these agents did not modify the stimulated taurine transport; the percentage of basal taurine release 15 min after the shock was 598 ± 35% for control, 627 ± 9% for nifedipin, and 698 ± 48 % for verapamil (Student's unpaired t-test, two-tail, no significant difference with p=0.61 for nifedipin and p=0.14 for verapamil, n=3-6) (not shown). Finally, the question arose as to the possible recruitment of stretch-activated calcium channels permitting calcium entry during the hypoosmotic shock. To elucidate this question, gadolinium (100 µM) was used with the same protocol, and did not inhibit osmoticallyactivated taurine transport since the percentage of basal taurine release 20 min after the shock was 1059 ± 60 % for control, and 1079 ± 130 % for gadolinium (no significant difference with p=0.86, n=6-9) (not shown). However, the addition of streptomycin (500 µM), another known blocker of stretch-activated and mechano-sensitive ion channels (54), significantly reduced (24 ± 5 % decrease; p<0.005) hypotonic stress-stimulated transport (Fig. 6B ).
To examine further intracellular signalling related to calcium, we used the cAMPelevating agent, forskolin, an adenylcyclase activator. When forskolin (10 µM) was added to the isotonic medium during the initial phase, it did not mimic the hypotonic shock. No spontaneous stimulation of basal taurine exit was observed. Subsequent hypoosmotic challenge did not modify significantly the stimulated response in the presence of forskolin compared with corresponding controls. The following percentages of basal taurine release 15 min after osmotic shock were observed for control and forskolin-treated cells, respectively :
598 ± 35%, for control; 604 ± 11%, for forskolin; no significant difference with p=0.88, n=6)
(not shown). These results suggest that increased cAMP does not contribute to Ca ++ mobilization during hypotonic shock. We also did not observe any effect of adenosine, DPCPX (1,3-dipropyl-8-cyclopentylxanthine), an A 1 adenosine receptor blocker, or argininevasotocin treatment on volume-activated taurine transport (data not shown).
Cl -conductance of gill cells challenged by hypoosmotic shock
To study the effects of osmotic pressure on Cl -conductance in primary cultures, currents were induced by osmotic shock. After successful gigaseal formation, the whole-cell configuration of the patch-clamp technique was obtained in 15 % of cases. (Fig.7D ). These data were obtained from experiments performed in symmetrical Cl -concentrations. The I/V curve crossed the potential line at 0 mV, the reversal potential (Erev) of Cl -in those conditions. Therefore, in the absence of permeant cations in the pipette, this outward current was likely carried by Cl -. To further characterize this potential Cl -current, we tested two anion channel blockers added separately to the bathing solution 7 min after whole-cell recording, when typical traces of maximal hypotonicallyactivated current were obtained. Addition of 100 µM NPPB or 1 mM DIDS to the bathing solution inhibited the volume-stimulated whole-cell Cl -current within 5-10 min. The I/V relationships are given in Fig.7E and 7F respectively. NPPB totally inhibited both inward and outward volume-activated currents. DIDS inhibited the hypotonically activated currents in a voltage-dependent manner, with the block decreasing from to 72±16 % at -60 mV to 100% at +60 mV (n=5). The ranking order for inhibition was NPPB>DIDS.
Ultrastructural observations of gill cell swelling during hypoosmotic shock
SEM observations of the three-dimensional structure of control gill cells in culture revealed that they were organized in a regular epithelial-like structure composed of a mosaic of polygonal cells with the longest axis measuring 10 to 30 µm (Fig.8A,A1 and A2 ). This arrangement of cells has been described previously (2, 3). The apical cell surface was formed by a complex system of microridges (Fig.8A1) . These morphological structures are characteristic of respiratory (pavement) cells and consistent with in vivo observations of teleost gill epithelium (21, 30) , indicating that the cells studied in these experiments were polarized and highly differentiated. As early as 15 s after application of the hypotonic shock, we observed swelling in approximately 30% of cells from the monolayer ( In TEM observations, cells grown on permeable filters presented a polarized structure.
Transversal sections revealed microridges at the cell surface (Fig.9A ) and tight junctions located at the apical side (Fig.9G) , thus confirming previous SEM observations (Fig.8) . Figure 9B shows the simultaneous presence of flat pavement cells with marked microridges and round cells with a smooth surface 15 s after the application of the hypotonic shock. As stated above, during osmotic challenge we observed an increasing number of round swollen cells in the monolayer (Fig.9C,D ,E,F), a phenomenon that progressively subsided 10 to 30 min after the shock was applied (Fig.9G,H) .
DISCUSSION
During osmotic challenge, it may be essential for fish to activate emergency systems with rapid modulations of solute transport across the gill epithelium in order to maintain ion and water balance. Modifications of ion transport, as well as rapid changes in gill morphology, in accordance with ambient salinity have been observed in euryhaline teleost (4, 19, 29) . The present work examines the physiological response to hypotonic challenge in primary gill cell culture which form a salt-secreting epithelium. In most vertebrate cells, hyposmotic shock causes cell swelling followed by the RVD response. RVD occurs through efflux of K + , Cl -and organic osmolytes accompanied by osmotically obligate water loss (20, 28) . We have previously demonstrated the presence of stretch-activated K + channels in sea bass gill cells and discussed their mechano-sensitivity during hypotonic-induced cell swelling (12, 13) . This study focuses taurine permeability in response to hypoosmotic shock. It demonstrates a stimulation of taurine exit more important at the basolateral side and questioned taurine transport pathway. Taurine movement is regulated by extracellular Ca ++ . These physiological events accompany substantial morphological remodelling.
Hypoosmotic shock stimulates Cl -conductance
Cell swelling has been shown to activate an outwardly rectifying anion-selective conductance in all mammalian cells studied (41) . The present work in gill cells shows the development of a volume-dependent current likely carried by Cl -, activated by a 30 % hypotonic shock. This conductance observed here also rectifies outwardly. This type of current has not been described in fish gills before and does not appear to be present in killifish opercular epithelium (36) . Contrary to mammalian cells, this volume-activated current does not become inactivated with time during membrane depolarisation. The absence of inactivation of a swelling-activated anion conductance has also been observed in skate hepatocytes (22) . NPPB (100 µM), a carboxylate analogue and Cl -channel blocker, reduced the volume-stimulated current by 100% with the outward and inward currents equally affected. The effect of the stilbene derivative, DIDS (1 mM), was a little less efficacious but still inhibited the developed current by 70 to 100%, depending on the potential applied. In many cell lines, DIDS inhibition was also voltage-dependent and the swelling-activated outwardly rectifying Cl -currents were blocked using lower doses of DIDS (< 500 µM) (1, 22, 41, 56) . The pharmacological properties observed here with a potency order of NPPB>DIDS were also described in other mammalian cells (1, 40, 41) .
Characteristics of the taurine pathway
The ability of cells to release amino acids (as well as inorganic ions) in response to hypoosmotic stress has been demonstrated in many species from bacteria to humans. In most marine organisms, cells contain large concentrations of taurine and other organic osmolytes that fill the osmotic gap between external and internal ion concentrations. Intracellular taurine concentrations are known to range from 20 to 65 mM in various fish (7, 22, 38) .
Sea bass gill cells constitute a likely source of taurine release during osmotic shock as measured by isotopic fluxes. Upon hypoosmotic challenge, we observed a 5 to 10-fold increase in taurine release above basal levels. The effect of hypotonically-induced taurine transport is sustained and can be fully reversed by returning to an isotonic condition, as also observed in glial and HeLa cells (8, 18) . The branchial epithelium may use its capacity for For many cell types, it is widely accepted that, upon swelling, taurine exits the cell through permeable volume-regulated anion channels referred to as volume-sensitive organic anion channels (VSOAC) (6, 57) . We have shown here that hypotonically stimulated taurine transport was significantly reduced by anion channels inhibitors with the potency order of NPPB>NFA>DPC=DIDS. This pattern of inhibition is similar to that found in rat glial cells (NPPB>NFA>DPC>DIDS) (8) . Despite the relative non-specificity of the different inhibitors, pharmacological inhibition of taurine transport is the most used method involving the contribution of anion channels. Therefore, considering the selectivity for different inhibitors it can be suggested that this pathway is a swelling-activated anion channel-like structure. When comparing electrophysiological (Cl -transport) and kinetic (taurine transport) data, we observed that the maximum activation of the outwardly rectifying volume-activated anion current was reached within 7 min, and that maximum taurine release was accomplished within 10 min, corresponding to similar activation time courses. Moreover, the pharmacological agents NPPB and DIDS inhibited both chloride current and taurine transport to the same extent, nearly 100%. These observations suggest the existence of a single common pathway for osmosensitive taurine and Cl -efflux under hypoosmotic conditions, possibly via a VSOAC channel (24, 26) . None of the pharmacological agents investigated significantly reduce taurine transport in isotonic conditions (results not shown), suggesting that this pathway is quiescent when cells are at steady state. A potential candidate could be the anion exchanger AE1 (band 3 protein) which is also sensitive to DIDS and the only channel described in volume regulation of fish cells (17, 43) . However, one cannot rule out a nonspecific effect of anion channel blockers, nor that there may be two types of channels in gill cells in culture, one responsible for swelling-induced Cl -current, and another for DIDS-and NPPB-sensitive amino acid transport, both having the same "trigger" for activation.
Taurine permeability of basolateral membrane increases during hypoosmotic challenge
The present work shows that apical and basolateral membranes have the same permeability to taurine in isotonic medium, whereas in hypotonic medium basolateral membranes developed a considerably higher permeability than apical membranes. Therefore, the hypotonicallyactivated taurine transport pathways are distributed in a polarized way in gill cells. Similar findings have been observed in goldfish renal cells (14) and in amphibian A6 cells (51), but not in flounder renal cells (7) . The increased gill secretion of taurine through the apical membrane in a diluted environment will help the fish excrete any excess of osmotically active material and obligated water more rapidly, thus facilitating the RVD, as observed by
Benyajati and Renfro (7) in flounder renal tubules. When asymmetrical osmotic shocks were applied, we observed higher permeability and sensitivity of the basolateral membrane compared to the apical membrane. In a previous study, we described the relative impermeability of the apical side of sea bass gill epithelium in culture towards Cl -when measuring 125 I flux (reflecting chloride flux) during asymmetrical hypoosmotic shock (13).
Moreover, Gilmour et al. (15) found a reduction of the transcellular permeability and an increase in transepithelial resistance when the apical membrane of gill cells in culture was exposed to hypotonicity (freshwater). In view of these results, the relatively low permeability of the apical membrane observed in our study during hypoosmotic shock may have physiological relevance for fish which need to limit an overwhelming load of water into the cells in response to a rapid decrease in salinity.
Calcium entry stimulates taurine release
Calcium signaling pathways play a major role in activating and controlling RVD mechanisms in most cell types (37) . Osmotic swelling can increase intracellular calcium by activation of Ca ++ -permeable channels in the cell membrane and Ca ++ release from intracellular stores.
Trout gill cells in culture display intracellular Ca ++ elevation when subjected to a hypoosmotic shock (32) . Our initial findings were that taurine can be released by an external calcium signal independent of a change in osmotic pressure (Fig.5A) ; no additional transport mechanisms were observed in response to osmotic shock. Thus, whereas an increase in cytosolic Ca ++ of external origin may appear as a weak permissive factor in hypotonically evoked taurine release, it may also constitute a full signal by itself. Our results in the absence or in the presence of thapsigargin or BAPTA-AM (Fig.5B ) strongly supports our hypothesis that the hypotonic shock activates an influx of external Ca ++ , leading to increased cytosolic Ca ++ levels and stimulation of taurine release. Similar findings were described for human HeLa cells and rat pituicytes (27, 47) . 
Gill pavement cell plasticity controls RVD through unfolding and wrinkling of surface microridges
The surface of sea bass gill respiratory cells in primary culture exhibits a complex system of microridges with various degrees of wrinkling. It was considered until now that this remarkable morphology reflects expansion of outer membrane for respiratory gaseous exchanges, increasing the surface area of teleost gills 2.5 times (42) . However, the exact function of these microridges has remained unclear since they are not restricted to respiratory structures like gills, but can also be found in association with other epithelial cells that are subjected to mechanical challenge. Our present SEM and TEM ultrastructural changes of gill pavement cell microridges during acute salinity changes or RVD are the first to be described in the literature.
Our results reveal a striking process of unfolding of the apical membrane ridges of gill respiratory cells with the outer surface area becoming smoother during osmotic stress. This morphological change demonstrates that the cell membrane has reserve unfolding available and could explain the report that neither membrane tension nor capacitance could be affected by cell-swelling (44) . Therefore, we propose that osmotic swelling may not actually induce membrane stretch per se inasmuch as the microridges may provide reserve surface area for swelling during mechanical stress. Okada (41) suggested that cell-swelling probably results mainly from loss of cell membrane invaginations that are supported by the F-actin-based meshwork. Although this function has not been described for gill cell microridges in the literature, our study reveals that the topography of the branchial epithelium is clearly involved in the RVD process, providing mechanical adaptation during the osmoregulation process.
On a kinetical point of view, we can state that gill respiratory cells were very reactive to hypotonicity since the significant structural response started as early as 15 s after the challenge. This enables euryhalinity in fish, which need to osmoregulate quickly considering the enormous osmotic constraints that they encounter during their life. When comparing the time course of morphological and physiological events examined here, it is reasonable to postulate that early initial cell swelling (occurring in seconds) may trigger taurine and Cl The volume-regulatory response in a number of cell models was found to be sensitive to pharmacological disruption of the cytoskeleton, and was accompanied by small changes in total cellular F-actin. Daborn et al. (11) and Okada (41) stated that microridges are structurally supported by polymerised actin cords. Therefore, a role for the cytoskeleton in regulating swelling-activated ion and osmolyte channels can be proposed. Together, these structural observations indicate a high degree of morphological modelling in gill respiratory cells in response to an acute stress induced by environmental salinity changes.
Conclusion
When sea bass move from sea water to estuaries, their gill epithelium are exposed to hypotonicity both on the apical side which is in direct contact with a diluted medium, but also on the basolateral side, because of decreased plasma osmolarity in hypotonic medium. This osmolality decrease is transient for euryhaline species. It is likely that gill cells respond specifically to blood parameters such as reported for chloride cells in killifish operculum epithelium (60) . Our results suggest that decreased plasma osmolarity may be the decisive factor that can trigger ion and osmolyte excretion. The control of epithelial Cl -secretion by basolateral hyposmolarity has been described previously in the killifish (35) . Moreover, plasma cation variations have been shown to signal internal polyvalent cation receptors proteins (CaRs) serving as salinity sensors in gills and other organs (39).
The higher exit of taurine on the basolateral side may contribute to increased reabsorption into the blood circulation, limiting the loss of this valuable to the external environment. Investigators have reported that physiological concentrations of plasma taurine increased from 0.1-0.8 mM to 1.3-2.5 mM when marine fish were transferred from isosmotic to hyposmotic conditions (7) . We suggest that the high rate of taurine secreted into the circulation (i.e. at the basolateral side) may contribute to the restoration plasma osmotic pressure in fish, but this effect will need to be further investigated.
Perspectives and significance
Understanding cell volume regulation is a challenge because of the large variety of mechanisms with which different species and cells translate osmotic stress into plasma membrane modifications. Few studies have examined the RVD response in organisms physiologically confronted to osmotic challenges in their natural environment. We predicted that euryhaline fish had developed very efficient mechanisms fundamental to adaptation to extreme osmotic conditions encountered during their life. Here we have described major mechanisms of functional and morphological plasticity occurring in a salt-transporting epithelium. This study supports the idea that maintenance of a constant cell volume in the face of osmotic stress is among the most evolutionarily ancient cellular homeostatic mechanisms.
In the future, to identify key proteins involved in fish salinity adaptation, as membrane transporters, an interesting approach will be the comparison of protein or mRNA banks established from gills of fish adapted to FW and SW. 
